Sulfiredoxin (SRXN1/Srx) is a multifunction enzyme with a primary antioxidant role of reducing the 
Introduction
Sulfiredoxin (Srx), or neoplastic progression 3, was initially identified as a preferentially expressed gene of unknown function in transformation sensitive mouse epithelial JB6P+ cells (1) . It is now well documented that the primary function of Srx is to restore and repair hyperoxidized peroxiredoxins (Prxs) (2, 3) , in particular, Prx I ~ IV. Mechanistically, Srx reduces the sulfinic acid form of overoxidized Prxs back to active peroxidases through hydrolysis of ATP, leading to the formation of intermediates including a phosphoryl sulfinyl anhydride and a covalent thiosulfinate (4) (5) (6) (7) . With this repairing mechanism, expression of Srx significantly increases cells' capability of surviving through oxidative stress induced cell death. In addition, Srx shares significant sequence and structural similarity with a bacterial DNA-binding protein, Par B, and thus it may function as a nuclease that utilizes the single or double-stranded DNAs as substrates (8) . Other function of Srx has also been reported, including the removal of glutathionylated moieties that are found in protein phosphatase and Prx II (9, 10) , maintenance of adrenal corticosterone production (11) , and protection of neurons against chemical induced toxicity (12) . Compared with those well-understood biochemical function, the significance of Srx in the pathogenesis of human disease, including cancer, has not been fully explored.
Colorectal cancer (CRC) is the third most common cancer with more than a million new patients diagnosed each year worldwide, and it is the second leading cause of cancer death in both men and women (13) . The 5-year survival rate of stage IV CRC patient is only 6% according to a recent report from World Health Organization. One of the major causes of high mortality in CRC patients attributes to cancer metastasis to distant organs including liver and lung. The epidermal growth factor receptor (EGFR) signaling pathway plays an essential role in cell transformation, tumor growth and progression of many types of cancer including CRC (14) . Binding of ligands such as EGF leads to the autophosphorylation of EGFR c-terminal tyrosine residues, which collectively serve as docking sites that bind to intracellular adaptor proteins and thus activates downstream RAS-RAF-MAPK kinase cascade (15) . Interestingly, abnormal activation of EGFR signaling in CRC is mainly due to increased copy number of the EGFR gene, and mutations of EGFR are rarely found in CRC (16) . Monoclonal antibodies such as cetuximab and panitumumab against the extracellular domain of EGFR have been used in clinic to treat metastatic CRC with promising response. However, a significant portion of patients does not respond to anti-EGFR therapy (17, 18) . Therefore, further understanding of EGFR signaling in CRC pathogenesis is of critical value for targeted therapy. In our previous studies, we've demonstrated that Srx is preferentially expressed in tumor specimens of CRC patients and its levels are positively correlated with patients' clinic stages, suggesting that Srx may have an oncogenic role in CRC development (19) . We've also demonstrated that genomic depletion of Srx renders mice resistant to azoxymethane and dextran sulfate sodium induced colon carcinogenesis (19) . In this study our goal is to determine the functional significance of Srx in human colon cancer cell invasion and metastasis and to understand molecular mechanisms by which Srx contributes to CRC pathogenesis. We report here that Srx promotes CRC cell invasion and metastasis through a novel mechanism of enhancing EGFR signaling. Louis, MO), including an empty vector control (ShV), a non-target ShRNA control (ShNT) and specific ShRNAs were used for knockdown experiments. Flag-EGFR expression plasmid was made by cloning human EGFR coding region into the HindIII/NotI site of p3XFlag plasmid and mutants were made using a QuikChange sitedirected mutagenesis kit (Stratagene, La Jolla, CA). All plasmid constructs were confirmed by DNA sequencing and fusion protein expression confirmed by western blotting.
Materials and Methods

Cell
Primary antibodies used include rabbit anti-Srx (Proteintech), rabbit anti-Prx I (Abcam), rabbit anti-PrxSO 3 (Abcam), mouse anti-β-actin (Sigma-Aldrich), mouse anti-Prx III, anti-pERK, anti-ERK, anti-pMEK, anti-MEK, and anti-pEGFR (Thr669, Tyr845, Tyr992, Tyr1068, Tyr1086, Tyr1148, Tyr1173) (cell signaling); anti-EGFR (NeoMarkers). Recombinant human EGF and PD98059 (MEK1/2 inhibitor) were commercially obtained (Sigma-Aldrich).
Western blot, immunoprecipitation, cell transfection, lentiviral particle production, infection and establishment of stable cell lines. Western blot and immunoprecipitation were performed as previously reported (20) . Experiments of transient transfection of ShRNA were processed using Lipofectamine 2000 (Invitrogen) following manufacturer's protocol. Strictly controlled ShRNA-based knockdown experiments were designed according to previous suggestions (21) . Lentiviral particles and stable cells were established and maintained in puromycin containing medium as previously reported (22) .
Cell proliferation, viability, soft-agar colony formation, transwell matrigel invasion, human protein profiler Phospho-RTK array and orthotopic implantation. Cell proliferation and viability were performed using XTT kit (Roche). Colony formation and matrigel invasion were performed as previously reported (22) .
Phospho-RTK arrays were performed using commercial kit (R&D Systems). Orthotopic implantation was performed as previously reported (23) 
Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)
analysis and identification of EGFR post-translational modifications. Cells were lysed in RIPA buffer and endogenously expressed EGFR was immunoprecipitated by using monoclonal anti-EGFR antibody and resolved on a 8% SDS-polyacrylamide gel. After coomassie staining, EGFR bands were excised and subjected to in-gel trypsin digestion. LC-MS/MS analysis was performed as previously reported (24, 25) .
Statistical analysis.
Quantitative data from at least three replicates were presented as means ± standard deviation (x ± sd). Data were analyzed by t test using GraphPad Prism (Version 5.04) or Microsoft Excel (Version 2010). For calculation of the p value, parameters of a two-tailed, 95% confidence interval were used for all analysis. A p value of less than 0.05 is considered statistically significant. carcinomas (SW640 and HT29). Interestingly, Srx is expressed in RKO and GEO cells at moderate levels, and is highly expressed in poorly differentiated, aggressive HCT116 cells. In contrast, the levels of Prxs, such as Prx I and Prx III, are equivalent in all cell lines (Fig. 1A ). In the presence of H 2 O 2 , the levels of Srx in RKO and HCT cells are further induced (Fig. 1A and B) . It has been well documented that oxidative stress induced by H 2 O 2 leads to the hyperoxidation of Prxs, which can be detected by a specific antibody recognizing exclusively the overoxidized cysteine residues (Prx-SO 3 ) (2, 3) . Therefore, the function integrity of Srx can be evaluated by investigating its ability to reduce the levels of Prx-SO 3 . In consistence, we found that endogenously expressed Srx significantly attenuates the levels of overoxidized Prxs induced by oxidative stress in RKO and HCT116 cells, whereas significant increases of overoxidized Prxs were observed in cells without Srx expression (Fig.   1C ). Taken together, these data indicate that functionally active Srx is preferentially expressed in poorly differentiated CRC cell lines including RKO, HCT116 and Geo cells.
Results
Srx is preferentially expressed in cells derived
Knockdown of Srx represses anchorage independent colony formation and matrigel invasion in
vitro but does not affect cell growth and proliferation under adherent conditions. Lentivirus mediated stable ShRNA knockdown was used for loss-of-function studies. We designed a total of four ShRNA constructs, each with a unique hairpin sequence to target a distinctive coding region of the Srx mRNA. The efficiency of these constructs to knockdown protein expression of endogenous Srx was evaluated by Western blotting in transient transfection experiments. We found that ShRNA1 and 2 were more efficient in depleting the endogenously expressed Srx ( Fig. 2A) . Next, lentiviral particles containing either ShRNA1 or ShRNA2 were used to make stable knockdown of Srx in RKO and HCT116 cells. In both cell lines, the stable knockdown efficiency reaches more than 90% and there are no noticeable differences between cells expressing ShRNA1 and ShRNA2 (Fig. 2B) . By comparing the phenotypical features of these stable cells with control cells expressing a non-target ShRNA (ShNT cells), we found that knockdown of Srx inhibits anchorage independent colony formation in soft agar in both cell lines ( Fig. 2C and D) . Moreover, knockdown of Srx in HCT 116 cells and RKO cells also significantly represses the basal number as well as serum or EGF-induced number of cells invaded through matrigel ( Fig. 2E and F) . We also performed a dose response of EGF treatment using HCT116 cells. Knockdown of Srx inhibits a wide range of EGF-induced cell invasion, with the most significant inhibition observed when EGF is equal or less than 50 ng/ml ( To investigate whether above inhibition is due to reduced cell growth, we performed XTT assays to evaluate the effect of Srx knockdown on cell proliferation. In HCT116 and RKO cell lines, we did not find significant differences in cell proliferation between control and Srx knockdown cells (Fig. 1G ). We then tested whether knockdown of Srx affects cells' ability to survive through oxidative stress. By determining cell viability in the presence of H 2 O 2 , we found that the IC50 of control HCT116 to H 2 O 2 is around 200 µM, however, the IC50 of Srx knockdown cells is decreased to 120 µM (Fig. 1H ). H 2 O 2 is also one of the metabolites produced in the process of cellular energy production, for example, through consumption of glucose by cellular glucose oxidase (GOX) (20) . The IC50 of in control HCT116 cells to GOX is approximately 0.6 unit/ml, and it is decreased by 6-fold (to about 0.1 unit/ml) in Srx knockdown cells (Fig. 1I) . Similar findings were also observed in Geo cells. Therefore, we demonstrate that knockdown of Srx in CRC cells does not affect the rate of cell proliferation, but increases their sensitivity to oxidative stress induced cell death. Taken together, these data suggest that Srx is required for the anchorage independent colony formation and invasion of human CRC cells but is not critical for cell growth and proliferation under adherent conditions in culture.
Knockdown of Srx reduces tumor xenograft growth and represses metastasis in vivo.
To study the effect of Srx on tumor growth and metastasis in vivo, HCT116 ShNT or ShSrx cells were injected into the cecal wall of SCID mice using an orthotopic implantation method (Fig. S1A) . This model mimics CRC metastasis in a similar organ environment that closely replicates what occurred in human patients. By the end of the 8 th week after injection, mice were euthanized and tissues were collected. Firstly, we extracted primary tumors at the injection site from all mice. Compared with control, the average volume and weight of primary tumors from mice injected with HCT116 ShSrx cells are significantly smaller or less (Fig. 3A) , which is consistent with their reduced colony formation in soft agar. We also examined tumor metastases formed in secondary organs including mouse lung and liver. Tumor metastases with a diameter equal or larger than 1 mm were found in lung and liver of all mice receiving HCT116 ShNT cells (6 out of 6 mice bearing lung or liver metastasis visible to naked eye, 100%) (Fig. S1B) . Microscopically, multiple metastases were found in the liver (Fig. 3B ) and lung ( Fig. 3C ) of mice receiving HCT116 ShNT cells. In contrast, visible tumor nodule was a rare event in mice receiving HCT116 ShSrx cells, occurring in only 1 out of 7 mice and the differences are significant (Fig. 3D) .
Therefore, these data suggest that knockdown of Srx reduces the ability of HCT116 cells to grow as tumor xenografts and also inhibits their capability of establishing metastasis in immunodeficient mice. 
Ectopic expression of Srx enhances CRC cell invasion in vitro and stimulates metastasis in vivo.
Next we tested whether ectopic expression of Srx in well-differentiated, non-Srx expressing cells increases their abilities of cell invasion and metastasis. Using the lentiviral infection strategy, Flag-Srx was stably expressed in HT-29 cells (HT29-FlagSrx) at levels that are comparable to those endogenously expressed in RKO or HCT116 cells (Fig.4A) . Previously we have demonstrated that addition of the Flag-tag does not change the oxidoreductase activity of Srx (20) . Compared with control, ectopic expression of Srx in HT-29 cells leads to significant increase of colony formation in soft agar (Fig.4B) , and enhances the basal as well as serum or EGF-induced cell invasion (Fig. 4C) . After being injected into the cecum of immunodeficient mice, the average volume and weight of primary tumors at the injection site in mice receiving HT29-FlagSrx cells are significantly larger/heavier than those injected with control HT29 cells (Fig. 4D) . Visible tumors were not found on the surface of lung and liver in all mice, however, average numbers of microscopic metastases in the lung and liver of mice injected with HT29-FlagSrx cells are significantly higher than control ( Fig. 4E and 4F ). These data suggest that ectopic expression of Srx in well-differentiated colorectal cancer cells enhances their ability to grow as tumor xenografts and also increases their capability of establishing metastasis in immunodeficient mice.
Knockdown of Srx attenuates MAPK activation through inhibiting the C-terminal tyrosine phosphorylation of EGFR. To understand molecular mechanisms by which Srx inhibits human CRC cell invasion and metastasis, we asked whether Srx affects the activation of receptor tyrosine kinases (RTKs), which are downstream of growth factor-mediated signaling pathways. We performed human protein profiler phospho-RTK arrays to compare the global activation levels of 49 different RTKs in HCT116-ShNT and ShSrx cells with the presence or absence of serum stimulation using phospho-specific antibodies. In this assay, each membrane detects the levels of pre-defined phospho-RTKs in duplicates, along with negative and positive controls (Fig. S3) . In the absence of serum, RTKs in both ShNT and ShSrx cells are barely active. In response to serum stimulation, a strong induction of EGFR phosphorylation and mild activation of several other RTKs are observed in ShNT cells (Fig. 5A) . Interestingly, the levels of EGFR activation in ShSrx cells are significantly reduced ( Fig. 5B and 5C ). Therefore, these data indicate that knockdown of Srx in HCT116 cells leads to reduced activation of EGFR but has no significant effect on other RTKs. 
the activation/phosphorylation of p42/p44 (ERK) in a time dependent manner. The activation peaks at 15 minutes (min) after stimulation and sustains up to 60 min before gradually diminished (Fig. 5D) . In ShSrx cells, a similar pattern of time-dependent activation of ERK is observed, however, both the basal as well as EGFinduced activation of ERK are significantly reduced (Fig. 5D) . Moreover, the levels of activated MEK, the kinase upstream of ERK, were also significantly reduced in ShSrx cells compared with those of control cells (Fig. 5D) . The activated sites of EGFR and their levels were further examined by phospho-and site-specific antibodies to individual serine, threonine or tyrosine residue. We found that there are significant decrease in the levels of phosphorylation in ShSrx cells at the C-terminal region of EGFR, which include Tyrosine residues 1068, 1086 and 1148 ( Fig. 5D and E) . Similar observation is also found in RKO cells, indicating that knockdown of Srx reduces the C-terminal tyrosine phosphorylation of EGFR (Fig. S4) . Interestingly, we also found an increase of phosphorylation on Tyr845 and 992 in Srx depleting cells, which may be counterintuitive to the reduced phosphorylation of other tyrosine residues. Most importantly, the net consequence of these phosphorylation changes of EGFR on downstream signaling is the inhibition of MEK and ERK activation ( Fig.   5D and S4 ). Taken together, these data suggest that knockdown of Srx attenuates MAPK signaling through inhibiting the C-terminal tyrosine phosphorylation of EGFR. post-translational modifications of EGFR. EGFR was pull down using immunoprecipitation and cells with or without Srx expression, the levels of EGFR modifications were examined by Western blotting using specific antibodies. We identified that the levels of lysine-acetylated EGFR in HCT116 ShSrx cells were significantly higher than those of control cells (Fig. 6A and B) , whereas its levels in HT29-FlagSrx cells were significantly lower than control cells (Fig. 6C and D) . These data suggest that the levels of Srx are negatively correlated with the levels of lysine acetylation in EGFR. There are a total of 66 lysine residues in human EGFR. We performed LC-ESI-MS/MS analysis to further determine the identities of acetylated lysine residue(s) that may be affected by Srx in CRC cells. Endogenous EGFR enriched from HT29 control cells and HCT116-ShSrx cells (Fig. S6A) were subjected to MS analysis. We discovered that only K203 and K1037 of EGFR were acetylated in both cell lines (Fig. 6E and Fig. S6B ).
Ectopic expression of Srx enhances the C-terminal tyrosine phosphorylation of EGFR
Unacetylated lysine is structurally similar to arginine (R) that cannot be acetylated, thus K to R replacement is frequently used as a loss-of-function mutation in protein acetylation studies (26) . To further determine K203/K1037 contribution to the acetylation signal that observed in HT29 and HCT116-ShSrx cells, we made plasmids expressing a Flag tagged EGFR or mutants with either K203/K1037 or both mutated to R by sitespecific mutagenesis. After transfection of these plasmids into HT29 cells, the acetylation levels of Flag-EGFR and mutants were examined. Compared with wildtype, the levels of lysine acetylation in K203R mutant did not change, while the levels of lysine acetylation in K1037R mutant (or double mutant) were completely lost (Fig.   7A ). These data indicate that K1037 is the major site of EGFR lysine acetylation that subjects to a negative regulation by Srx in CRC cells.
Next we tested whether a wildtype EGFR or a K1037R mutant can rescue the phenotype of Srx depleting cells. Transfection of a wildtype EGFR into HCT116 control and ShSrx cells result in a similar pattern of EGFR phosphorylation and MAPK activation as seen in Fig. 5D . However, transfection of K1037R mutant into HCT116 ShNT and ShSrx cells leads to robust, sustained phosphorylation of the C-terminal tyrosine residues and constitutive activation of downstream MEK and ERK phosphorylation, indicating a complete rescue of the MAPK signaling in Srx deficient cells (Fig. 7B) . We further tested whether Srx-induced cell invasion is dependent on the activation of MAPK signaling. Inhibition of MEK activity by a known chemical inhibitor, PD98059, completely inhibits EGF-induced cell invasion (Fig. 7C) . Moreover, expression of K1037R mutant (but not the wildtype EGFR) completely rescues cell invasion in Srx knockdown cells (Fig. 7D) these data demonstrate that the acetylation of K1037 is negatively associated with EGFR phosphorylation and inhibits downstream MAPK activation. Therefore, by reducing the levels of K1037 acetylation through a mechanism yet to be determined, expression of Srx enhances the C-terminal phosphorylation of EGFR and activates downstream MAPK signaling.
Discussion
A novel function of Srx is to promote CRC invasion and metastasis through enhancing the EGFR-MAPK signaling. In this report we demonstrate that knockdown of Srx increases CRC cells' susceptibility to oxidative stress but absence of Srx has no significant effect on cell growth and proliferation in culture. In consistence, we found that the levels of overoxidized Prxs in CRC cells are inversely correlated with the levels of Srx. This function of Srx is further substantiated in other studies. For example, fibroblasts derived from Srx null mouse embryos are more sensitive to oxidative injury and apoptosis (27) , most likely resulting from increased levels of cellular ROS and accumulation of overoxidized Prxs (27, 28) . Similar mechanism has also been documented in a variety of species including plants and vertebrates (29, 30) . Compared with its function in redox regulation, the significance of Srx in intracellular signal transduction is less studied. A novel function of Srx, which is to enhance the EGFR-MAPK signaling cascade through decreasing the levels of receptor acetylation on a particular lysine residue of EGFR, is identified in our study. Inhibition of the EGFR-MAPK signaling by Srx enforces a profound consequence of inhibiting tumor xenograft growth as well as abolishing metastasis in the orthotopic mouse model of human CRC development.
The mechanism of Srx to enhance EGFR-MAPK signaling is mediated through a novel posttranslational modification of EGFR acetylation on K1037. The significant effect of Srx to enhance EGF and serum induced cell invasion prompts us to study whether the activation of RTKs plays a role in this process.
After comparing the activation of multiple RTK pathways, we demonstrate that the phosphorylation of EGFR is the only RTK that is affected by the status of Srx expression in CRC cells. It is well documented that EGFR is overexpressed in multiple types of human cancer. In particular, overexpression of EGFR is significantly associated with CRC invasion, angiogenesis, metastasis and its levels are also reversely correlated with patient prognosis (31) . In clinic, anti-EGFR antibodies, such as cetuximab and panitumumab, are used as promising chemotherapeutic agents for the treatment of metastatic CRC in patients (32) . and Shc (38, 39) . On the other hand, phosphorylation of Y1045 recruits Cbl, an E3 ubiquitin ligase, to induce receptor ubiquitination, recycling, trafficking and degradation (40) . In our study, firstly we identified that the overall tyrosine phosphorylation levels of EGFR are reduced in Srx depleting cells by RTK profiling. To determine the identities of tyrosine residues that are responsible for this reduction, we examined the phosphorylation levels of individual tyrosine residue, and found that the levels of phosphorylated Y1068, 1086 and 1148 are reduced. Although the levels of phosphorylation on Y845 and 992 are slightly increased, further examination of the net consequence of these changes reveals a significant inhibition of downstream MEK and ERK activation in Srx-depleting cells. On the hand, it's also possible that there are distinctive mechanisms that regulate the phosphorylation of EGFR on different tyrosine residues. In this study we have focused on the understanding of how the absence of Srx leads to the reduced phosphorylation on Y1086, 1086 and 1148. In the future, it may be of interest to further understand the mechanism by which Srx regulates the phosphorylation of Y845 and 992, and whether such effect is causally related with the change of redox balance of the acetylation status of EGFR.
In addition to phosphorylation, EGFR is also subjected to other modifications such as oxidation, methylation and acetylation. These modifications are interconnected with receptor phosphorylation through a conformational change and thus play significant roles in the regulation of downstream MAPK signaling. In in response to EGF stimulation, and such oxidation enhances its tyrosine kinase activity and downstream MAPK signaling (41, 42) . In human breast cancer cells, Arg1175 of EGFR is methylated by PRMT5 and this methylation enhances downstream MAPK activation through promoting the phosphorylation of Tyr1173 (43) .
Also in breast cancer cells, acetylation of K684, K836 and K843 in EGFR affects its receptor tyrosine kinase activity and contributes to cancer cell resistance to histone deacetylase inhibitors (44) . Apparently, specific site(s) of EGFR to be acetylated is likely dependent on cell context, as acetylation of K1155, K1158 and K1164 is identified in endothelial cells (45) . However, acetylation at these sites does not involve in the activation of MAPK cascade but instead contributes to receptor internalization and activation of protein kinase B/AKT pathway (45) . Other forms of post-translational modifications of EGFR include glycosylation, ubiquitination, neddylation and sumoylation, and these modifications mainly affect receptor stability, endocytosis, trafficking and shuttling (45, 46) .
In our study we did not observe significant changes at EGFR protein levels associated with the levels of Srx in CRC cells, therefore we focused on studying whether Srx affects the C-terminal phosphorylation of EGFR through a mechanism of regulating post-translational modifications by oxidation, methylation or acetylation. By MS analysis, we examined potential changes on such modifications. We identified that K203 Mechanisms by which Srx reduces the levels of K1037 acetylation of EGFR remain to be determined. In our study we report that Srx plays a critical oncogenic role to promote cell invasion and on June 30, 2017. © 2015 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from metastasis, which is at least partially due to its stimulation of the EGFR-MAPK pathway. We further reveal that there is a causal relationship between Srx expression, EGFR deacetylation and MAPK activation. How the expression of Srx leads to the deacetylation of EGFR still remains to be studied in the future. Previous studies in the literature may shed some lights on how a coordinated regulatory model of EGFR acetylation may be involved. As demonstrated in skin cancer A431 cells, EGFR is acetylated by cAMP response element-binding protein (CBP), a nuclear protein with protein acetyltransferase activity that is also found in cytosol (44) .
Moreover, a cytosolic deacetylase, histone deacetylase 6 (HDAC6), has been found to interact with EGFR (48) . Therefore, in the future it is of interest to study whether the effect of Srx to reduce EGFR acetylation on K1037 is mediated by an increase of HDACs activity or a decrease of CBP function. Nevertheless, due to its critical importance in CRC cell invasion and metastasis, our efforts of investigating the novel mechanism of Srx in promoting EGFR-MAPK signaling, not only provides in-depth understanding of the regulatory network of EGFR signaling but also indicates potentially therapeutic value for the treatment of metastatic CRC in patients. 
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